Polyamides containing N-methylimidazole (Im) and N-methylpyrrole (Py) amino acids can be combined in antiparallel side-by-side dimeric complexes for sequencespecific recognition in the minor groove of DNA. Six polyamides containing three to eight rings bind DNA sites 5-10 bp in length, respectively. Quantitative DNase I footprint titration experiments demonstrate that affinity maximizes and is similar at ring sizes of five, six, and seven. Sequence specificity decreases as the length of the polyamides increases beyond five rings. These results provide useful guidelines for the design of new polyamides that bind longer DNA sites with enhanced affinity and specificity.
affinity and specificity.
Recent examples of 2:1 polyamide-DNA complexes have created new models for the design of nonnatural ligands for specific recognition of a broad sequence repertoire in the minor groove of DNA (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . The side-by-side combination of one imidazole ring on one ligand and a pyrrolecarboxamide on the second ligand is specific for G-C, whereas a pyrrolecarboxamide/imidazole pair targets a C-G base pair (1) (2) (3) . A pyrrolecarboxamide/pyrrolecarboxamide pair is partially degenerate and binds A-T or T-A base pairs (4) (5) (6) . The DNA sequence specificities of these small molecules can be controlled by the linear sequences of pyrrole and imidazole amino acids. The three-ring polyamide Im-(Py)2-Dp (consisting of N-methylimidazole, N-methylpyrrole, and N,N-dimethylaminopropylamide, respectively) was shown to specifically bind 5-bp 5'-(A,T)G(A,T)C(A,T)-3' sequences (1) (2) (3) , whereas the four-ring polyamide ImPyImPy-Dp was shown to bind 6-bp 5'-(A,T)GCGC(A,T)-3' sites (10, 11) as side-by-side antiparallel dimers in the minor groove.
A major goal of our efforts in evaluating the scope and limitations of the 2:1 polyamide-DNA motif is to extend specific recognition to larger binding sites. To determine the effect of polyamide length on binding site size, binding affinity, and sequence specificity within the motif, a series of six pyrroleimidazole polyamides containing three to eight rings was synthesized. The polyamide series is based on Im-(Py)2-Dp ( Fig. 1, 1 ) with pyrrolecarboxamide moieties added sequentially to the C termini to afford Im-(Py)3-Dp (2), Im-(Py)4-Dp (3), Im-(Py)5-Dp (4), Im-(Py)6-Dp (5), and Im-(Py)7-Dp (6), which are designed to bind 5-to 10-bp sites, respectively, as side-by-side antiparallel dimers (Fig. 2) . The DNA binding sites are based on a 5'-TGACA-3' core sequence and contain sequential A,T base pair inserts in the center of the binding sites that will be recognized by the additional pyrrolecarboxamides. This combination of polyamides and DNA binding site sequences was chosen to satisfy several criteria. The presence of G-C and C-G base pairs in the binding sites is expected to lock the polyamides in the designated binding sites by preventing them from binding in undesired slipped conformations on the DNA (13) . The (20 mg, 41 ,tmol) in N,Ndimethylformamide (100 ,ul) was added 2-(lH-Benzotriazole-1 -yl)-1,1 ,3,3-tetramethyluronium hexafluorophosphate (HBTU) (26 mg, 69 ,tmol) followed by N,N-diisopropylethylamine (DIEA) (50 p,l, 288 ,umol). The reaction was allowed to stand for 5 min, agitated, and allowed to stand for an additional 5 min. Aminotris-(N-methylpyrrolecarboxamide) (24 mg, 41 ,umol) was then added, followed by DIEA (50 ,ul, 288 ,tmol), and the reaction was agitated for 2 hr. The reaction mixture was concentrated in vacuo, and TFA (10 ml) was added. After 2 min, the TFA was removed in vacuo. Purification of the resulting brown oil by reversed phase HPLC afforded the diamine 7 (see Fig. 3 ) as a white powder. Yield: 26 mg (58%); 'H NMR (DMSO-d6) 6 
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Proc. Natl. Acad. Sci. USA 93 (1996) reaction mixture became a homogeneous solution. The activation was allowed to stand for 12 hr, precipitated dicyclohexylurea was removed by filtration, and 7 (10 mg, 9.4 ,tmol) was added followed by DIEA (100 ,ul, 576 ,tmol); the reaction was allowed to stand for 2 hr. Reversed phase HPLC purification of the reaction mixture afforded 5 as a white powder. RESULTS AND DISCUSSION Polyamide Synthesis. Im-(Py)2-Dp was prepared as previously described (6) . Polyamides 2-6 were prepared in two steps from previously described intermediates exemplified for Im-(Py)6-Dp 5; full synthetic details will be described elsewhere (Fig. 3) . Activation of N-(tert-butoxycarbonyl)-tris(Nmethylpyrrole-carboxamide) (19) with HBTU followed by coupling to aminotris(N-methylpyrrolecarboxamide) (12) provided N-(tert-butoxycarbonyl)-hexa(N-methylpyrrolecarboxamide). The amine was deprotected by the addition of neat TFA to the crude reaction mixture, and the ditrifluoroacetate salt of aminohexa(N-methylpyrrolecarboxamide) was isolated by preparatory HPLC. Capping with 1-methylimidazole-2-carboxylic acid (1) (dicyclohexylcarbodiimide/hydroxybenzotriazole) provided Im-(Py)6-Dp 5 after HPLC purification.
Binding Site Sizes. Binding site sizes were determined by MPE.Fe(II) footprinting of 1-6 on six restriction fragments from plasmids pJK5 through pJK10, respectively (Fig. 4) . Each restriction fragment contains a match and a single base pair mismatch site separated by 10 bp. The single base pair mismatch is generated by a G&C base pair replacing an AT or T-A base pair in the center of the binding site. Analysis of the MPE.Fe(II) protection patterns reveals that the sequential addition of pyrrolecarboxamide moieties to the C termini of the polyamides increases the preferred DNA binding site size by 1 bp (Fig. 5) . For all six polyamides, the observed MPE.Fe(II) protection patterns are 3'-shifted, consistent with 2:1 polyamide-DNA complex formation in the minor groove. Affinities. The equilibrium association constants for the match and single base pair mismatch sites for the six polyamides were determined by quantitative DNase I footprint titration experiments (10 mM Tris-HCl, pH 7.0/10 mM KCl/5 mM MgCl2/5 mM CaCl2; 22°C) in the absence of unlabeled carrier DNA. The Oapp points for each polyamide were steep and adequately fit by a cooperative binding isotherm, consistent with 2:1 polyamide-DNA complex formation (Fig. 6) (11) . Analysis of the match site data reveals that Im-(Py)2-Dp binds the 5-bp 5'-TGACA-3' site with an equilibrium association constant, Ka of 1.3 X 10 M-1, whereas Im-(Py)3-Dp binds the 6-bp 5'-TGTACA-3' site with Ka = 8.6 x 106 M-1, corresponding to a 66-fold enhancement in affinity ( Table 1) (Py)5-Dp and Im-(Py)6-Dp for the 8-and 9-bp 5'-TGT-TAACA-3' and 5'-TGTTAAACA-3' sites, respectively, are the same as Im-(Py)4-Dp binding 5'-TGTAACA-3' indicates that further lengthening of the polyamides from five to seven rings and the DNA binding site from 7 to 9 bp has little energetic benefit. The dramatic decrease in affinity of Im-(Py)7-Dp for the 10-bp 5'-TGTTTAAACA-3' site (Ka < 2 x 106 M-1) suggests that the presence of an additional pyrrolecarboxamide in the ligand creates an unfavorable contribution to the binding free energy of Im-(Py)7-Dp for the 5'-TGTTTAAACA-3' site.
Specificities. Comparison of the equilibrium association constants for the match and the single base pair mismatch site for each polyamide demonstrates that the specificity of 2:1 polyamide-DNA complex formation, defined as the ratio of match site binding affinity to the affinity for the single base pair mismatch site, generally decreases with increasing polyamide length as the polyamide length increases beyond five rings (Table 1) . Im-(Py)2-Dp prefers binding the 5'-TGACA-3' site over the 5'-TGGCA-3' site by a factor of at least 6.5. Im-(Py)3-Dp and Im-(Py)4-Dp bind the mismatch sites with 5-and 6-fold lower affinity, respectively. Im-(Py)5-Dp displays at least a 3-fold preference for the match site, whereas Im-(Py)6-Dp binds the mismatch site with 2.7-fold lower affinity. At concentrations below 1 ,tM, Im-(Py)7-Dp shows no binding to DNA. At concentrations of 1 ,uM and above, equal protection from cleavage by DNase I of both the match and mismatch sites is observed, indicating that the specificity as defined here is approximately 1 (data not shown).
One explanation for these observations is that the three-and four-ring polyamides Im-(Py)2-Dp and Im-(Py)3-Dp, respectively, are in phase with their DNA binding sites. NMR and molecular modeling of a related (Im-(Py)2-Dp)2 5'-TGACT-3' complex showed that the curvature of the ligand closely matched the curvature of the minor groove of the 5-bp binding site (2) . Similar observations were made for the four-ring polyamide ImPyImPy-Dp binding to a 5'-AGCGCT-3' sequence (10) . For the longer polyamides beginning with Im-(Py)4-Dp, where binding affinities level off at Im-(Py)5-Dp and ultimately decrease at Im-(Py)7-Dp, the ligands may be falling out of register with the DNA binding sites. In these 2:1 complexes, the curvature of the polyamides would likely not match the curvature of the minor groove surfaces of the longer binding sites. One likely consequence would be that the energetic benefit of the hydrogen bonds and van der Waals interactions that stabilize the 2:1 complexes would decrease as the lack of correspondence between the binding surfaces of the polyamides and the DNA sites became more pronounced. Register mismatch in the larger polyamide-DNA complexes may explain the decrease in sequence specificity observed for the longer polyamides. (15) . In the mismatch sites, a G-C base pair replaces an A-T or T-A base pair in the core of the binding site. The 2-amino group of guanine protrudes from the floor of the minor groove and, therefore, is expected to introduce a bump on the surface of the binding sites that may interfere with the hydrogen bonding of the pyrrolecarboxamide NH of the polyamides to N3 of the guanine base. If the longer polyamides are out of register with the DNA, then the effect of this unfavorable interaction on the free energy of binding at the mismatch site may become less significant. This would lower the overall free energy difference between binding the match and mismatch sites and thereby reduce specificity.
Sequence-dependent DNA structural features, such as intrinsic minor groove width, minor groove flexibility, and inherent curvature, may differ between each of the binding sites and could contribute to the measured difference in the binding affinities of the six polyamides (14) . One possibility is that as the length of the A,T tract in the binding sites increases, the minor groove width and/or flexibility may decrease, which would likely impose an energetic penalty for 2:1 polyamide-DNA complex formation and lower the apparent affinities for these sites. These effects may also contribute to the lower sequence specificity observed for the longer polyamides in the series. Insertion of G&C base pairs into an AT tract may increase the minor groove width and/or flexibility, which may reduce the difference in binding free energy between the match and mismatch sites, thereby lowering specificity (14) . Biochemistry: Kelly et al.
These considerations of sequence-dependent DNA structure suggest that the sequence composition of the DNA target site may be an important factor in determining polyamide affinity and specificity in the 2:1 motif.
Implications for Design. The results of this study demonstrate that DNA sequences up to 9 bp long can be specifically recognized by pyrroleimidazole polyamides containing three to seven rings by 2:1 polyamide-DNA complex formation in the minor groove. Recognition of a 9-bp site defines the new lower limit of the binding site size that can be recognized by polyamides containing exclusively imidazole and pyrrolecarboxamides. The binding affinity reaches a maximum value for the five-ring polyamide Im-(Py)4-Dp, and addition of up to two additional pyrrolecarboxamides has no effect on the observed binding affinity. These results and the failure of an eight-ring polyamide to specifically recognize a 10-bp site suggests that a new class of polyamides is needed for extension of the 2:1 polyamide-DNA motif to sequences longer than 9 bp. Replacement of a central pyrrole or imidazole amino acid with a more flexible spacer amino acid subunit should allow the antiparallel dimer to reset the register for continued gain in affinity and specificity (20) .
